. Winbury ( 14) and Winbury, Howe, and Hefner ( 15), as well as Fam and McGregor (4) , have suggested that this results in increased blood flow to ischemic areas and so may be related to the antianginal effect of nitrates. The most likely explanation of the greater effect on large arteries is that nitrates cause greater relaxation of the vascular smooth muscle of the large than of the small arteries. The observation that there are differences in the response of vascular smooth muscle of large and small artery strips to catecholamines (17) gives support to the idea that the smooth muscle of large and small coronary arteries could have different responses to nitrates. The current study directly tests this possibility by examining the effect of nitroglycerin, sodium nitrite, and adenosine on isolated vascular smooth muscle from large and small coronary arteries. Adenosine has been included since it is a suggested coronary metabolic vasodilator ( 1, 2, 3, 9) which might be expected to affect small resistance arteries at least as much as large coronary
arteries. 5.5; sucrose, 50; and CaC12, 1.6 . Storage of the coronary arteries for 2 days did not result in a change in the response to the agents used in this study.
Large, (2 mm od) and small, (550 p od) arteries were dissected from the myocardium and stripped of fat and connective tissue. Helical strips cut from large arteries were 1 cm long by l-5-2 mm wide; those cut from the small arteries were 2 mm long by 0.3-0.5 mm wide. The strips were mounted side by side in the same muscle bath in PSS with the potassium ion concentration brought to 35 mM to produce resting "tone."
Although the effect of the resulting increase in osmolarity of 70 mOsm may favor relaxation, the net effect of 35 mM KC1 was an increase in active tension. This potassium concentration produces about 60 % of the maximum response of coronary artery strips to potassium (Fig. 1) . The strips were anchored at one end and the other end was attached to a Grass force transducer, the output of which was recorded by a Grass polygraph.
The tension on the strips was adjusted to 1.6 g on the large vessel and 0.12 g on the small vessel, which are estimates of the in vivo tensions on such vessels assuming a transmural pressure equal to 100 mm Hg and the dimensions given above. The bath was kept at 37 C and aerated with 95% OZ-5% CO2. The vessels were allowed to equilibrate for 2 hr after mounting and before the first experimental maneuver was per- dose remained in the bath for 3 min, after which it was removed by three rinses with PSS (35 mM KCI). After the last dose of a drug was administered, the contribution of passive tension at the particular length of a strip was determined by bathing the strip in calcium-free PSS plus 4 mM EGTA. In all except six experiments, tissue preparations were used to test only one drug. In six experiments, the nitroglycerin dose-response curves were observed after observing the adenosine dose-response curve of the same tissues. These nitroglycerin dose-response curves were in no way different from three other curves of tissues which had not been previously exposed to adenosine. Depolarization experiments. To determine the effect of potassium depolarization on the responses to nitroglycerin and adenosine, we used the following procedure. After equilibration, the response to nitroglycerin (bath concentration of 5.50 X 10V6 M) or adenosine (2.34 X 10V5 M) was measured as before. These doses were chosen because they caused opposite differential effects (Figs. 3 and 5). The muscle was then placed in isotonic PSS solution containing, in millimoles per liter: KTS04, 100; KHzPOd, 1.18; MgS04, 1.17; NaHC03, 14.9; dextrose, 5.5; and CaC12, 1.0. This potassium ion concentration (ZOO mM) is above that necessary for a maximum response ( Fig. 1 ). Calcium ion concentration was reduced to 1 mM in order to minimize changes in active tension. When a steady tension was reached in the high potassium solution, the same concentration of the drug was again introduced, and then rinsed out after 3 min.
Calcium ion induced contraction. After equilibration, PSS was replaced with calcium-free PSS and the strips were allowed to come to a steady tension. A bolus of CaC12 was then injected into the bath to bring the calcium ion concentration to 1.6 mM, which produced a rapid increase in tension. The procedure was then repeated with bath concentrations of either 5.50 X 10V6 M nitroglycerin, or 2.34 X low5 M adenosine introduced into the bath 3 min before the CaC12 injection.
Action of adenosine in the presence of dipyridamole. After equilibration of large vessels, adenosine was introduced into the bath (final concentration, 1.25 X 10m6 M) for 3 min, and was then removed with three rinses. This was repeated 2-3 times. Adenosine was administered in a similar fashion 30 min after the introduction of 0.1 ml propylene glycol, and also 30 min after the injection of dipyridamole (bath concentration 10V6 M) dissolved in 0.1 ml propylene glycol.
Then, the adenosine response after propylene glycol alone was observed again.
RESULTS
Response to nitroglycerin, sodium nitrite, and adenosine. Responses of large and small vessels to the vasodilators could not be directly compared because the small vessel, having less cross-sectional area, could not exhibit absolute tension changes as great as those of the large vessel. The responses, therefore, were expressed as the percent of the vessel's relaxation in calcium-free PSS. The difference between the resting tension before each injection and the calcium-free tension level was measured, and the responses to that injection was expressed as the percent of this CCmaximum" relaxation. Figure 2 illustrates this procedure using typical responses to a dose of adenosine.
We have compared the response of large and small vessels to nitroglycerin by administering each of the doses indicated in Fig. 3 in nine experiments.
This drug caused the large vessels to relax significantly more (P < 0.05) than the small vessels at all except one dose level (2.75 X 10B5 M) which did not result in a significant difference. At the highest dose level the large-vessel percent relaxation was nearly 1.5 times that of the small vessel. At this dose the relaxation of the large vessel was 73.5 =t 8.6 % of the relaxation in response to calcium-free PSS, whereas the relaxation of the small vessel was only 51.1 & 6.5 %. Sodium nitrite, in seven experiments, gave similar results. At dose levels above 3.62 X low6 M, sodium nitrite (Fig. 4) caused a significantly greater percent relaxation of the large vessels (P < 0.05). At the highest dose level the large-vessel percent relaxation was nearly twice that of the small vessel: 78.6 & 7.4 % as compared to 40.7 rJr 13.4%. Adenosine caused less relaxation of both vessels, and the opposite differential effect. In each of six experiments adenosine caused a greater percent relaxation of the small vessels at all dose levels (P < 0.05). At the 2.34 X 10B5 M dose level the small-vessel percent relaxation (31.4 =t 8.3 %) was over 3 times that of the large vessel (8.6 rf= 2.5 %), as shown in Fig. 5 .
Effect of potassium ion depolarization.
To determine if the difference in the response of large and small vessels could be to less than half of its control level, whereas the rate of tension development of the large vessel was essentially the same as the control rate. The significance level of the difference between small and large vessels is less than .OOl. In the presence of nitroglycerin the rate of tension development of both large and small vessels was reduced the same percentage (P > 0.956), 1 ess than 16 % of their control rates. The final tension developed in the presence of the drugs (Fig. 8) was consistent with the findings demonstrated in Figs. 3 and 5 ; that is, adenosine caused a significantly greater decrease in the small-vessel final tension (P < O.OOS), whereas nitroglycerin caused a significantly greater decrease in the large vessel final tension (P < 0.00 1).
Action of adenosine in the presence of dipyridamole. In 10 experiments adenosine caused control relaxation of large vessels of 5.29 =t 0.90 %. In the presence of propylene glycol, adenosine caused a greater (P < 0.002) relaxation of 8.01 % r+: 1.20. In the presence of dipyridamole plus propylene glycol, adenosine caused a mean relaxation of 8.75 % =t 1.37. This was not a significant increase in the response to adenosine when compared to adenosine in the presence of propylene glycol alone (P > 0.22 Adenosine, however, preferentially relaxed small coronary arteries. Greater differential effects might have been observed if we had been able to examine the responses of vessels smaller than the small 0.5-mm-od vessels used in this study.
It has been proposed (1, 2, 3, 9) that adenosine may be involved in the local metabolic regulation of blood flow. It is interesting in the light of this hypothesis, that adenosine has a preferential effect on small coronary arteries, since local regulation probably involves effects on the smaller intramuscular resistance vessels. Other studies have suggested differences in the pharmacology of vascular smooth muscle of large and small arteries. Zuberbuhler and Bohr (17) showed that large coronary vessels (2 mm od) from the dog may contract in response to a dose of catecholamine, whereas small coronary vessels (0.4 mm od) dilate in response to the same dose. In vivo studies on the dog forelimb (5), measuring pressures of large and small arteries, suggest that the phosphorylated derivatives of adenosine act primarily on small resistance vessels. Norton and Detar (8) have observed differences similar to those reported here in the response of large and small rabbit coronary arteries to adenosine.
To investigate the mechanism of the differential effects, we observed the effects of membrane depolarization on responses to representative doses of nitroglycerin and adenosine. The potassium ion concentration used to cause depolarization (200 mM) is higher than that which causes maximal potassium effect ( Fig. 1) and is therefore likely to maximally depolarize the tissue. If either drug has its effect on membrane electrical activity, this high concentration of potassium ion should greatly reduce or abolish the drug's effect. However this was not the case, since depolarization as often enhanced as diminished the drug effect. These data suggest that both drugs can exert their effect without altering the electrical state of the cell membrane. The variation in the response to the drugs after potassium depolarization is probably at least partly explained by the tension developed by the strip after adding the high potassium PSS. If the tension is greater, greater relaxation is possible; if the tension is less due to the lower calcium ion concentration, less relaxation is possible. We also wished to determine whether the net influx of calcium ion into the cell is affected by one or both of the drugs. For the purpose of the following argument, let us assume that the rate of tension development is directly proportional to the net rate at which calcium ions enter the cell. This may well be reasonable, since intracellular calcium ion concentration is the primary physiologic determinant of contractile tension (10, 11) . The rate of increase of concentration might then be reflected as the rate of tension development.
If this is the case, the decreased rate of tension development in the presence of adenosine (Fig. 7) suggests that adenosine inhibits net calcium ion influx of the small vessel. Thus this experiment does not eliminate alteration LARGE AND SMALL CORONARY ARTERIES in net flux of calcium ions as the site of action of adenosine in small vessels. Guthrie and Nayler (6) have presented evidence for a similar role for adenosine in guinea pig atria by demonstrating a 30% decrease in 45Ca uptake tissue in the presence of 1 O-" M adenosine.
Apparen bv this tly, net calcium ion influx of the large coronary vessel is unaffected by adenosine.
-On the other hand, the data in Fig. 7 suggest that nitroglycerin inhibits net calcium ion influx of both large and &rrall vessels to the same degree. If nitroglycerin causes the same relative decrease in the rate of flux in these tissues in the presence of a differential decrease in steady state tension (P < O.OOl), the differential effect cannot be explained by an effect on calcium flux. It is possible that the rates are depressed the same degree because they are depressed maximally for both vessels. If this is the case, the differential effects of the drug on final tension at the dose levels higher than those causing maximal rate depression cannot be -explained by changes in net calcium ion fluxes. The mean percent relaxation to adenosine was increased only 0.74 over the control values in the presence of dipyridamole.
In 10 experiments this difference was not significant (P > 0.22) and, even if larger numbers of experiments would make this difference significant, the increase in percent relaxation is not large enough to explain the threefold larger percent relaxation of small vessels over large vessels (Fig. 5) . These data suggest that adenosine uptake is not a significant factor in explaining the difference in the effect of adenosine on large and small vessels.
In summary, the results of our experiments with isolated vascular smooth muscle support in situ studies which suggest that nitrate and nonnitrate vasodilators have opposite differential effects on the vascular smooth muscle of large and small coronary arteries. Nitroglycerin and sodium nitrite, established antianginal agents, relax the large vessels preferentially, whereas adenosine, a suggested coronary metabolic vasodilator, relaxes the small vessels preferentially. Potassium depolarization studies suggest that the drugs do not act by affecting the electrical state of the cell membrane. Calcium ion contraction studies do not rule out the possibility that adenosine affects the regulation of net calcium ion flux in the small vessel smooth muscle cells while having little or no effect on the large vessel net flux. Adenosine uptake by an outer cell layer of large vessels does not appear to play a major role in the differential effect of this agent. Nitroglycerin affects net calcium ion flux of both large and small vessels; however, it seems unlikely that the greater effect of nitroglycerin on large vessels can be explained by a greater effect on net calcium ion flux.
